Introduction
Nitrogen (N) management is a crucial and challenging component of sustainable corn production on poorly drained claypan soils. Claypan soils account for an area of 4 million hectares in the Midwest US in parts of Missouri, Kansas, and Illinois [1] . e low hydraulic conductivity of claypan soils makes these soils susceptible to waterlogged conditions following rainfall, which is an ideal environment for N loss through denitrification [2] . Saturated soil conditions may also lead to surface runoff resulting in N loss.
e poor drainage properties of claypan soils can affect crop management decisions and reduce grain yields [3] . One proposed N management strategy for improving N utilization by crop plants and minimizing N loss is termed the "4R" strategy (i.e., right source, right rate, right time, and right place) [4] . For this strategy, N fertilizer timing, source, placement, or application rate are viewed as controllable factors that can improve corn yields in a poorly drained claypan soil. However, unpredictable weather conditions, including the distribution of precipitation and temperature, are uncontrollable factors that may cause the greatest impact on N use efficiency and yield.
In the Midwest US, a single preplant application of N fertilizer in the spring or soon after emergence is a commonly utilized N management practice to improve corn growth and development [5] .
e consensus among researchers has been that the application of N fertilizer for corn should be applied nearest to the time N is needed by the crop and when N uptake is highest in order to achieve greater N use efficiency and to reduce N loss [6] [7] [8] . However, the time range for spring N application has become very narrow due to generally wetter spring conditions [9] . e risk of soil compaction and other challenges, such as greater N loss, with very wet soils are disadvantages for spring N application. In some instances, US corn growers prefer to apply N in the fall because labor is often more available, fertilizer prices are lower, and weather and soil conditions are more favorable than in the spring [10] . Fall N fertilizer application is riskier than spring application because the potential for N loss has increased as N was applied several months before the crop requirement [10] . A five-year study in Minnesota found 36% or more N loss and an 8% reduction in corn grain yields with fall N application compared to a spring N application [11] . Randall et al. [12] found that a fall N application had higher NO 3 -N losses in subsurface drainage water compared to a spring N application. However, a study in Kansas reported no differences in corn grain yield between a fall and spring pre-plant N application [13] . Bundy [14] concluded that a fall N application was an acceptable option on clay textured soils if winter temperatures were below 10°C when nitrifying bacteria were less active. Since soils are generally below 10°C and lower rainfall occurs during fall on claypan soils of Northeast Missouri, corn response to N fertilizer application timings (fall vs. spring) needs to be evaluated.
In addition to N application timing, fertilizer N placement strategies may improve crop yields and N use efficiency in claypan soils. Many studies have shown lower grain yields and N uptake with a surface broadcast N application compared to incorporated band N placement [6, [15] [16] [17] . Other studies did not observe any advantages of subsurface band placement of urea ammonium nitrate (UAN) over surface broadcast placement [8, 18] . Placing N fertilizer below the soil surface can result in a higher concentration of nutrients within the root zone, which may increase N uptake and corn yields [19] . Surface applied N is commonly used with NT systems where high-residue levels can promote increased microbial activity near the soil surface, causing more potential for N loss [20] . Strip-till is a reduced tillage practice that allows for subsurface placement of N fertilizers within the tilled, planted row. Strip-till has similar benefits to NT systems, but ST can have an advantage because it increases internal drainage of the seedbed and initiates earlier warming of the soil in the spring due to less surface residue [21] . Benefits of NT depend on many factors including seasonal weather conditions and management practices such as N fertilizer timing, source, N placement, soil moisture content, soil temperature, and overall seedbed conditions in the spring [22, 23] . However, surface application of N in NT or reduced tillage systems can be subject to N loss through denitrification and ammonia volatilization if N remains on the surface long enough and is exposed to the atmosphere [24, 25] . In contrast, N loss can be reduced if N is placed below the soil surface [26] .
Traditional N fertilizers used for corn production consist of dry, liquid, or gas-based sources. Increases in corn yield are largely dependent on the ability of the N source to provide inorganic, plant available forms of N (NH 4 + and NO 3 − ) in sufficient concentrations in synchrony with plant N demand. Several slow-and controlled-release N fertilizers (SRF/CRF) have the potential to increase crop yield by improving the synchronization of plant N demand and N release [27] [28] [29] . e release rate of SRF/CRF can depend on soil properties, soil temperature, and microbial activity [8] . Previous studies have shown mixed (no change, increase, or decrease) results with use of SRF/CRFs compared to traditional fertilizer sources [6, [28] [29] [30] [31] . Nitamin Nfusion (NF) is a new slow-release liquid enhanced efficiency N fertilizer product that contains 22% N of which 94% is slowly available in the form of methylene urea and triazone [32] . e product is completely water-soluble and can be blended with UAN, liquid urea, and other solutions at different ratios allowing for flexibility. Shapiro et al. [8] observed that surface broadcast UAN with NF and subsurface banded UAN with NF produced 0.21 to 0.59 Mg·ha − 1 higher grain yield than surface broadcast UAN without NF on a loamy sand soil at a site in Nebraska. However, there is a lack of research studies investigating the effects of NF and other N fertilizer solutions on corn production using a combination of different N timing, sources, and placements. e objective of this study was to determine the effects of two N application timings (fall vs. spring preplant) and five N sources/placements on corn yield, plant population, and grain quality in a poorly drained claypan soil.
Materials and Methods

Site Characterization.
A three-year field experiment was conducted from 2011 to 2013 at the University of Missouri's Greenley Memorial Research Center (40°1′17″N, 92°11′24.9″W) on a poorly drained claypan soil (Putnam silt loam; fine smectitic, mesic Vertic Albaqualfs). e depth to the claypan at this research location was approximately 31 cm [33] . Experiments were conducted with corn on fields that were planted to soybean (Glycine max [L.] Merr.) the previous year in a dryland corn-soybean production system. Average monthly air temperature as well as daily and cumulative precipitation were obtained from a nearby automated weather station located at the Greenley Research Center near Novelty, MO.
Field Experiment and Layout.
e field trial was a splitplot randomized complete block design with four replications. e main plot was N fertilizer application timing (fall and spring preplant), which was blocked and randomized within each replication.
e [35] . Corn test weight, grain moisture, and grain yields (Harvest Master, Logan, UT) were determined using a plot combine (Wintersteiger, Salt Lake City, UT) that harvested the two center rows in each plot which were 23 m in length. Grain yields were adjusted to 150 g·kg − 1 moisture prior to analysis [3] . Grain samples were collected from each plot for determination of oil and protein concentration (Foss 1241 Infratec, Eden Prairie, MN). ) separately to detect differences between enhanced efficiency products compared to standard N treatments [36, 37] . Analysis of variance (ANOVA) was performed using the GLM procedure in the SAS v9.4 statistical program (SAS Institute, 2015). e dependent variables were year, source/placement, timing, and their interaction. Fisher's protected LSD at P ≤ 0.05 was used to separate means and determine significant treatment effects. Table 1) . Soil temperatures were mostly below 10°C from November to March in the 2010-2011 and 2012-2013 study years which is ideal to minimize N loss with fall N application [38] .
Results and Discussion
An assessment of total rainfall, average air temperature, and soil temperature during portions (e.g., fall and spring) of each year's study period may account for differences in the observed corn response due to N management systems among study years. (Table 2 ). Fall N application had a mean corn plant height that was 2.6 cm higher than spring N application at 84 kg·N·ha − 1 on 15 June (Figure 3(a) ). is suggests that corn plant height can be an indicator for slightly greater growth since fall N application had taller plants ha
, corn plant height measured on 27 May, 8 June, and 15 June was significantly (P ≤ 0.05) different due to N sources/placements (Table 2 ). Surface NF (14.2 cm) was 0.4 to 1.6 cm taller than deep UAN, deep NF, and deep AA treatments on 27 May (Figure 2(b) ). Surface UAN also had significantly greater corn plant heights than all deep banded treatments on 8 June and 15 June. Lower early-season plant heights for ST/deep banded treatments suggested that plant emergence and growth were delayed.
ese results were counter to results from a study in Indiana that found lower early-season corn plant heights and delayed maturity in treatments with NT compared to conventional tillage [39] . Delayed plant emergence may result from a variety of factors including cooler soil temperatures, higher soil moisture, and high soil residue cover [40] , which is typically associated with NT systems. e NT systems may International Journal of Agronomyhave cooler, wetter seedbed conditions [21] and can have reduced corn plant heights when combined with a surface N application due to greater N loss [20] .
Corn plant height had significant (P ≤ 0.05) differences at 168 kg·N·ha − 1 among N timings (fall or spring) on 27 May, 1 June, 15 June, and 22 June (Table 2 ). Fall N applications had taller plants than spring N treatments ( Figure 3(b) ). is suggests that greater early-season plant heights with fall N application may not always indicate greater plant heights at later corn growth stages when N was applied at a higher rate (168 kg·N·ha − 1 ). Fall N application generally has larger amounts of NO 3 -N available in the spring [7] , which suggests International Journal of Agronomy 5 that corn readily utilized N at the early growth stages in the spring, which contributed to the early growth and plant vigor.
Ear Leaf Chlorophyll Meter Readings.
A three-way interaction between source/placement, timing, and year was found at 84 kg·N·ha − 1 for corn chlorophyll meter readings (Table 3) . Chlorophyll meter readings were generally 4.7 SPAD units higher in 2011 and 2012 among all N sources/ placements compared to 2013 regardless of N application timing (Table 4) . Deep UAN, deep NF, and deep AA resulted in at least 2.5 SPAD unit higher readings than surface UAN and surface NF in 2011 and 2012 regardless of N application timing. Chlorophyll meter readings for fall and spring-applied deep NF were 8% higher compared to surface NF in 2011 and 2012. Applying N in the fall or spring had no significant differences in chlorophyll meter readings within N sources/ placements in 2011 and 2012. In 2013, chlorophyll meter readings indicated that plants were 22% greener with springapplied deep AA compared to fall-applied deep AA. Conversely, chlorophyll meter readings were 11% greater with fall-applied deep NF compared to spring-applied deep NF.
Nitrogen applied at 168 kg·ha − 1 had chlorophyll meter readings values with a significant interaction between year and N source placement (P ≤ 0.05) ( Table 3) . Similar to N applied at 84 kg·ha Chlorophyll meter readings may have been more affected by fall-applied treatments due to the distribution and amount of precipitation during the nongrowing season months of November through March. For example, 2013 was relatively wet early in the growing season and these conditions may have affected spring-applied deep AA at 68 kg·N·ha − 1 compared to fall-applied. Furthermore, cumulative precipitation in the months after fall N application (November 2012) to planting was the wettest among the three years and potentially caused increased N loss due to denitrification [7] . Nevertheless, chlorophyll meter readings in 2011 and 2012 were higher in all deep banded treatments.
Previous studies indicated that deep banding N lowered the rates of microbial N transformations over surface application, which limited the amount of N that is lost through denitrification and volatilization [41, 42] .
Plant Population.
Plant populations had an interaction between N source/placement and N timing (P ≤ 0.05) at 84 kg·N·ha − 1 (Table 3) . Plant populations for fall-applied N at 84 kg·N·ha − 1 in the deep UAN and deep NF treatments were 16 and 14% higher than spring-applied N, respectively (Table 4 ). When N was applied at 168 kg·N·ha − 1 in the fall, deep NF had plant populations that were 15,650 plants·ha − 1 greater than spring-applied N (Table 5) . Although there were no significant differences between N timings among the other N source/placement treatments, fall-applied N at 84 kg·N·ha − 1 had higher plant populations (350 to 4,100 plants·ha − 1 ) for surface UAN, surface NF, and deep AA treatments compared to spring N application. International Journal of Agronomyere was also an interaction between N source/placement and N timing (P < 0.05) at 168 kg·N·ha − 1 (Table 3) . Plant populations were 800 to 9,700 plants·ha − 1 higher with fall-applied N at 168 kg·ha − 1 in treatments other than deep NF compared to spring-applied N ( Table 5 ). Both N rates increased plant population for deep NF when N was fallapplied. Deep NF was applied with ST which may have improved seedbed conditions more effectively compared to those of NT treatments [21, 43] . Hendrix et al. [23] found that NT on a silt loam soil had 37% lower plant populations than with ST, potentially due to NT having prolonged saturated soil conditions in the row. Extreme rainfall following spring ST may have caused a reduction in plant populations compared to fall ST which may have been a firmer seedbed.
Corn Grain Yield.
Corn grain yields were observed to have a significant three-way interaction (P ≤ 0.05) between the timing of N application, source/placement, and year at 84 kg·N·ha − 1 (Table 3 ). In 2011, deep UAN had 1.11 to 1.42 Mg·ha − 1 greater corn grain yield than all of the N sources/placements with fall N application (Table 4) . Spring application of deep UAN had 4.21 Mg·ha − 1 lower corn grain yields in 2011 compared to fall-applied deep UAN. Strip tillage for corn in the fall can increase grain yield due to more favorable and drier soil conditions, settling of soil in a tilled row during winter, and warmer and drier seedbed conditions by spring [21] . Fall N application for all N treatments resulted in 0.93 to 4.21 Mg·ha (Table 4) . Kyveryga et al. [44] reported fallapplied AA in Iowa soils with pH >7.5 to have faster nitrification rates and more nitrate loss through denitrification during spring rainfall than AA applied in the spring. ese results suggest that there was a significant amount of nitrate loss through denitrification in 2013 because of the relatively wet month of April (194 mm), which ultimately delayed planting to May.
A significant three-way interaction (P ≤ 0.05) between the timing of N application, source/placement, and the year was detected for corn grain yield at 168 kg·N·ha − 1 (Table 3 ). In 2011, fall-applied deep UAN, surface NF, deep NF, and deep AA resulted in 3.6, 1.18, 2.41, and 2.70 Mg·ha − 1 higher corn grain yield than an equivalent spring N application, respectively (Table 5 ). Since higher corn grain yields with fall N application were observed in 2011 for both 84 and 168 kg·N·ha − 1 , we can summarize that greater N loss was probably attributed to spring application, while NT/surface broadcast and ST/deep banded treatments were able to effectively minimize the potential for denitrification loss over the fall, winter, and early spring periods. Furthermore, corn grain yields in 2011 at 168 kg·N·ha − 1 with spring N application of surface UAN and surface NF had at least a 1.75 and 1.02 Mg·ha − 1 higher corn grain yield than deep AA treatment, respectively.
is was similar at 84 kg·N·ha
, where surface UAN and surface NF in the spring had at least 0.98 Mg·ha − 1 higher corn grain yields in 2011 than deep UAN, NF, and AA treatments. is indicates that saturated soil conditions from more frequent precipitation events in the early growing season may have limited the growth of corn roots in the poorly drained soil so that roots were unable to absorb the deep banded fertilizer placement, but they were able to utilize the surface N fertilizer placement.
e relatively low hydraulic conductivity of the claypan subsoil may have caused extended periods of soil saturation and negatively impacted corn grain yield with deep N placement. Another study at the same location concluded that surface applied UAN was relatively more effective for corn production with abundant early-season rainfall, which Fisher's protected least significant difference at P ≤ 0.05. 8 International Journal of Agronomy likely incorporated N from the fertilizer into the shallow soil layer and made N more available for plant uptake [17] . Similar to the results with an N rate of 84 kg·ha
, corn grain yields were negatively affected by drought conditions in 2012 at 168 kg·N·ha − 1 (Table 5) . ere were no significant differences among all sources/placements, timing, or N rates. Average grain yields for 2012 at 84 and 168 kg·N·ha − 1 were 1.9 and 1.5 Mg·ha − 1 , respectively. e spring application of surface NF at 168 kg·N·ha − 1 in 2013 had the highest corn grain yield among spring-or fallapplied N sources/placements. is result was likely due to the slow release rate of urea-N in NF because gaseous N loss may have been reduced by this N source prior to the period of substantial plant N uptake [33] . Although not significant, the surface NF treatment applied in the spring at 168 kg·N·ha − 1 produced 0.67 Mg·ha − 1 higher grain yield compared to a fall application in 2013 (Table 5) . is was potentially due to higher soil temperatures during 2013 and greater cumulative rainfall in May (Figure 1(c) ). Relatively high rainfall in April 2013 delayed planting to May, thus potentially causing fall surface NF to be less effective, and has a greater risk of N loss before planting. is also suggests that spring-applied NF may have conserved N in the soil profile by delaying the conversion to nitrate until after the heavy rainfall period in May, regardless of placement. Shapiro et al. [8] found similar results where surface broadcast and subsurface banded UAN with NF produced 0.21 to 0.59 Mg·ha − 1 higher grain yields than surface broadcast UAN without NF on a loamy sand soil at a site in Nebraska. Although the study did not assess different N timings, the research was still similar because cumulative rainfall was greater in May (252 mm) at this particular Nebraska location compared to other sites in the experiment.
In 2013, deep AA yielded 1.7 Mg·ha − 1 more grain when spring-applied compared to when it was fall-applied at 168 kg·N·ha − 1 . is suggests that N loss may have occurred through denitrification or volatilization over the fall, winter, and early spring periods. is is similar to a 3-year study done in Minnesota that observed an average increase of 0.8 Mg·ha − 1 in corn grain yield with AA applied in the spring compared to fall application [7] . Furthermore, research done on a poorly drained claypan soil reported a 2.0 Mg·ha − 1 reduction in corn grain yield with fall-applied AA at 140 kg·N·ha − 1 compared to a spring application [6] . Similarly, Nash et al. [6] found fall application of ammonium nitrate produced less corn grain yield than spring N application which may have been due to less soil retention.
Spring and fall application of NT/surface broadcast and ST/deep banded sources/placements was similar in 2013 at 168 kg·N·ha − 1 except for deep AA (Table 5 ). e inconsistent corn grain yields among the three years in this experiment can be attributed to the variations in precipitation that occurred, especially after the spring N application. Rainfall was relatively more frequent after spring N application in 2011 and may have prolonged saturated soil conditions and caused ST/deep banded treatments to be ineffective because of spatial and temporal N shortages in the root zone. Although deep banding placement may conserve N, there may be spatial and temporal N shortages because N may be spatially separated from plant roots throughout significant parts of the growing season [8] . Furthermore, cumulative precipitation was relatively low between fall N application (November 2010) and planting, suggesting minimal N loss may have occurred during the fall, winter, and early spring months, while more N was potentially lost in the months following the spring N application (Figure 1 ). Fall N application may have retained more NO 3 − and NH 4 + in the soil by spring in 2011, which means it was more readily available for plant uptake during the early growing season [12] . Vetsch and Randall [7] observed greater soil NO 3 -N concentrations with fall-applied N than spring-applied N, indicating substantial nitrification of fall-applied N occurred by the early growth stages in the spring.
High corn grain yields in 2013 with spring N application of deep AA may have been due to an increase in microbial activity from warmer soil conditions in May.
ere was 27 mm of precipitation that occurred on the same day for fall N application (11 November 2012) , which may have caused deep AA to lose a significant amount of N due to physical disruption and improper sealing of the injection knives that may have created zones to allow for ammonia movement to reach the soil surface [45] or distribution of N with the application knives may have allowed greater N loss [34] . Implementing different N management practices is a good option for farmers to increase corn grain yield. One study combined NT with subsurface UAN or AA placement and observed higher corn grain yield compared to utilizing a conventional tillage system with the same N application [46] . is likely resulted from decreased ammonia volatilization and immobilization commonly associated with surface N application on high-residue soil surfaces.
Grain Moisture and Quality.
Corn grain moisture concentration had a significant interaction between N source/placement and N timing (P ≤ 0.05) when averaged across years at 84 kg·N·ha − 1 (Table 3) . Deep UAN had higher corn grain moisture with spring N application than fall N application at 84 kg·N·ha − 1 (Table 6 ). Conversely, surface NF and deep AA had 17 and 16 g·kg − 1 higher corn grain moisture with fall N application compared to spring N application at 84 kg·N·ha − 1 , respectively. Deep UAN in the spring had corn grain moisture of 223 g·kg − 1 which was 25% more than the deep UAN treatment in fall at 84 g·kg − 1 (Table 6 ). Overall, grain was drier with surface placement of N compared to deep placement.
At 168 kg·N·ha greater moisture concentration than all other N sources/ placements (Table 5) . Surface NF at 168 kg·N·ha − 1 resulted in the lowest grain moisture content (175 g·kg ). Corn grain moisture content is affected by several factors including but not limited to N fertilizer type, corn hybrid, tillage system, or climate [40, 47] . All of these factors influence the rate of corn maturation, in which International Journal of Agronomya slower rate generally results in relatively higher grain moisture content [48] .
Protein concentration in corn grain had an interaction between N sources/placements and year (P ≤ 0.05) at 84 kg·N·ha − 1 (Table 3) . Deep NF in 2013 had the lowest grain protein concentration (66.1 g·kg
) than all N source placements in the three years (Table 6 ). Overall, grain protein concentration for N sources/placements in 2012 ranged from 100.9 to 103.0 g·kg − 1 and was at least 12.8 g·kg
higher than treatments in 2011 and 2013. e higher grain protein content in 2012 was probably due to drought conditions that strongly restricted plant growth. Protein concentration in corn grain also had a significant interaction between N sources/placements and year (P < 0.05) at 168 kg·N·ha − 1 (Tables 3 and 5 ). Protein concentration in corn grain was highest for all N sources/ placements (103.8 to 104.8 g·kg − 1 ) in 2012 (Table 5 ). Surface UAN in 2013 had a lower grain protein concentration (75.9 g·kg (Table 5) . Generally, the results of grain protein concentration corresponded with SPAD meter leaf readings since both SPAD meter readings and grain protein concentration had similar patterns in 2011, 2012, and 2013. Corn grain protein concentration is also potentially an indicator for N uptake and removal by the plant since protein concentration is usually calculated from grain N concentration.
Corn grain oil concentrations at 84 kg·N·ha − 1 were combined over years since there was no significant interaction observed (Table 3) . Surface UAN had the highest grain oil concentration (34.0 g·kg − 1 ), but it was similar to the other N source/placement treatments (Table 6 ). Corn grain oil concentrations were different among N source placements at 168 kg·N·ha − 1 (Tables 3 and 5 ). Grain oil concentration was 1.7 and 2 g·kg − 1 higher with deep AA than surface NF and deep UAN, respectively (Table 5) . Deep UAN at 168 kg·N·ha (Table 7 ).
Conclusions
Utilizing different N management strategies for corn production can be challenging due to unpredictable year-toyear climate conditions. On claypan soils, corn production is even more difficult to manage due to these soils' relatively poor drainage characteristics, which contribute to a higher potential for N loss and subsequently lower crop yields as well as the propensity to drought. Although the data were variable across N timings, N sources/placements, and year, this range of climatic conditions can be expected in the US corn belt region. Over this three-year study, the application of strip-till deep banded UAN in the fall before the 2011 growing season resulted in the highest corn grain yield (8.12 to 9.12 Mg·ha − 1 ) at both 84 and 168 kg·N·ha − 1 . is indicates greater N loss was attributed to spring application in 2011 due to cooler soil conditions and extended periods of soil saturation early in the growing season. us, climate conditions may have caused spatial and temporal N shortages when N was deep banded as UAN or AA fertilizer because it may be separated from plant roots or may not be converted into NO 3 -N at the appropriate growth stage. Spring N application showed an increase in corn grain yield in 2013 among treatments compared to 2011, which may have been due to warmer and wetter soil conditions in May. is study suggests that ST with deep banding UAN or AA does not always produce higher corn grain yield during drought years and might be more at risk for greater N loss under certain climatic conditions. On a poorly drained claypan soil, farmers may need to consider fall N applications since corn grain yield was generally greater than or equal to springapplied treatments at both rates.
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